Abstract: It is increasingly clear that spinal reflex systems cannot be described in terms of simple and constant reflex actions. The extensive convergence of segmental and descending systems onto spinal interneurons suggests that spinal interneurons are not relay systems but rather form a crucial component in determining which muscles are activated during voluntary and reflex movements. The notion that descending systems simply modulate the gain of spinal interneuronal pathways has been tempered by the observation that spinal interneurons gate and distribute descending control to specific motoneurons. Spinal reflex systems are complex but current approaches will continue to provide insight into motor systems. During movement, several neural mechanisms act to reduce the functional complexity of motor systems by inhibiting some of the parallel reflex pathways available to segmental afferents and descending systems. The flexion reflex system is discussed as an example of the flexibility of spinal interneuron systems and as a useful conceptual construct. Examples are provided of the kinds of experiments that can be developed using current approaches to spinal interneuronal systems.
Introduction
This target article addresses some current issues concerning interneurons interposed in spinal motor pathways. Despite the wealth of detailed information about the anatomy, behavior, and synaptic action of spinal interneurons, some feel that a clear understanding of the function of spinal pathways is no closer now than several years ago. Indeed, many simpler models of spinal cord interneuron function have proven inadequate while more comprehensive models have not been forthcoming. The growing realization that spinal interneurons receive convergence from multiple pathways and in turn send axon collaterals to multiple target neurons prompts the question "Can sense be made of spinal interneurons?" In this discussion, I suggest that this massive convergence and divergence is the worst case scenario; it has been revealed in anesthetized or decerebrate preparations but not during movement in the conscious animal. The theme will be developed that during behaviour several neural mechanisms reduce the operational complexity of these systems so that particular interneuron pathways are selected over others. During behaviour, certain connections to interneurons will be dominant and others will be less important; this dominance may change as the movement progresses. It has become increasingly apparent that individual interneurons often receive only a portion of the synaptic input that impinges on the entire population of interneurons involved in a specific motor pathway. Subpopulations of interneurons make it possible for descending and afferent systems to generate fine movements as well as the grosser movements that are often thought characteristic of reflexes. Sense is being made of spinal interneurons; in addition, techniques used in the past will continue to provide insight into the organization of motor systems (see Fetz's and Robinson's articles, this issue).
The list of spinal interneurons studied in motor systems now includes Ia inhibitory interneurons, Renshaw cells, interneurons mediating reflexes from Ib tendon organ afferents (Harrison & Jankowska 1985a; 1985b) , lamina VIII crossed interneurons (Harrison et al. 1986 ), group II interneurons located in caudal lumbar segments (Lundberg et al. 1987a) , group II interneurons in mid-lumbar segments and their activity during fictive locomotion (Shefchyk et al. 1990) , interneurons active in the DOPA preparation (e.g., Jankowska et al. 1967a) , interneurons involved in presynaptic inhibition (Rudomin et al. 1987) , interneurons in lumbar propriospinal pathways (Vasilenko, Kostyuk and co-workers; reviewed in , interneurons involved in fictive scratching (e.g., Deliagina et al. 1981) , and cervical propriospinal cells (Lundberg 1979b) . Recent demonstrations of disynaptic cutaneous reflex pathways in cat (Fleshman et al. 1988 ) and rat (Edgley & Wallace 1989) will no doubt be followed soon by identification of the interposed interneurons. (For more details about the interneurons mentioned, see reviews by Baldissera et al. 1981; Jankowska 1992; Lundberg 1979b; McCrea 1986) .
Older views of spinal reflex function suggest that particular sensory afferents have specific reflex actions mediated by discrete populations of interneurons and that the activation of these pathways results in reflex movements. Included is the idea that reflex movements are a class of McCrea: Spinal interneuron circuits movements in themselves, and that it is possible to differentiate spinal circuits that serve reflex function from those that serve voluntary movements. As will be discussed, many spinal interneurons and all spinal interneuronal pathways receive convergence from both segmental sensory and descending input. This suggests that the concept of a reflex as an auxiliary or independent component of the motor system needs to be revised. Only those movements elicited by unusual and discrete stimulation of afferents, such as tendon tap, can easily be considered simple reflexes. Natural movements are the result of interactions between many systems located throughout the neuraxis, and all movements occur by the interaction of segmental pathways with afferent and descending systems. Descending and voluntary control does not operate on a backdrop of hard-wired spinal "reflex" systems. Instead, the particular spinal circuitry operating during a movement is dynamically selected and optimized. Dynamic control of movement is also apparent during complex "reflex" movements such as flexion induced by noxious stimulation (the flexion reflex) or cutaneous stimulation during locomotion. Since most reflexes depend upon the state of many groups of spinal interneurons, a description of either afferent activity or the excitability of one group of interneurons will not predict the subsequent movement.
Older descriptions of spinal motor systems often take the view that sensory input pathways and the spinal interneurons they contact monitor or decode single parameters of movement such as velocity, joint angle, stiffness, and so on. This leads to the expectation that spinal interneurons can be categorized as belonging to specific and almost isolated pathways responding to movements readily described in engineering terms. Further experimentation, however, has invariably revealed a more complex organization and interaction between spinal pathways than originally envisioned. All spinal pathways involving interneurons and ending on motoneurons receive input from more than one type of sensory fibre input at one or more points in the interneuronal chain. Consequently, simple models of interneuronal function (involving a single sensory modality) that attempt to explain how sensory feedback can shape ongoing movements are likely to fail. At this point it is useful to review what is meant by the term interneuron and briefly consider how interneurons are categorized.
Changing views about Interneurons: The Ia and Ib
Once it was possible to define spinal interneurons as cells with short axons. The advent of intracellular staining revealed that many spinal neurons thought to be "interneurons" actually project many millimeters. For convenience, these cells now are usually included in the term interneuron, and the term propriospinal is reserved for those cells projecting several segments. At one time, ascending tract cells with somas in the lumbar cord and axons projecting to higher centres were also considered apart from spinal interneurons. More recent investigations reveal that some ascending tract cells (e.g., ventral spinocerebellar, Bras et al. 1988; spinocervical, Jankowska et al. 1967a ) also have axon collaterals and synaptic terminals ending in the lumbar spinal cord. Thus short axoned cells, some ascending tract cells, and long and short axon propriospinal cells all function as segmental interneurons in the sense that they can regulate the activity of other local neurons.
Spinal interneurons are often classified within the experimental context in which they are first investigated. As an example, the interneurons that mediate disynaptic inhibition of antagonist motoneurons from group Ia muscle spindle afferents (i.e., reciprocal inhibition) have been located and extensively characterized (references in Baldissera et al. 1981; Jankowska 1992) . Their monosynaptic excitation from Ia muscle spindle afferents and inhibitory projections to motoneurons supplying antagonist muscles make their classification as Ia inhibitory interneurons (IaIns) reasonable. Subsequent investigations, however, have shown that these cells also mediate disynaptic inhibition of motoneurons from the corticospinal tract (Jankowska et al. 1976b ) and that they are activated by segmental afferents other than Ia muscle spindle afferents (see Baldissera et al. 1981; Jankowska 1992) . If the initial emphasis had been on corticospinal inhibition instead of reciprocal inhibition, these interneurons might have been termed something other than IaIns. In either case, the terminology used for classification would not do justice to an understanding of the function of these cells. When a segmental reflex is evoked, the IaIN distributes inhibition to motoneurons supplying muscles that are antagonists to those activated in the reflex. In the case of the stretch reflex, inhibition of antagonists increases the ability of the stretched muscle to restore limb position. Voluntary movements also may require inhibition of antagonists at a particular time during the movement. Cortical effects on spinal systems probably always involve both excitation and, via interneurons, inhibition of motoneurons. Cortical inhibition exerted through segmental IaIns is an efficient way to inhibit groups of motoneurons, since advantage can be taken of the connections of IaIns to motoneurons. Another situation in which the nervous system uses inhibitory connections from IaIns to motoneurons is fictive locomotion. In the mesencephalic fictive locomotion preparation, rhythmic afferent input is absent and the cortex is removed. IaIns are active in these preparations and show bursts of activity at particular phases of the fictive step cycle. IaIns projecting to flexor motoneurons are active during extension and contribute to inhibition of flexors while IaIns projecting to extensor motoneurons are active during flexion (e.g., McCrea et al. 1980; Severin et al. 1968 ). These observations show that both the spinal locomotor circuitry and segmental afferents excite IaIns, thus serving as a source of inhibition for multiple systems.
Another example of an interneuronal system that is being considered in a broader context than first envisioned is that between Golgi tendon organ afferents and motoneurons. Activity in Ib Golgi tendon organ afferents results in widespread inhibition of homonymous and synergist motoneurons and excitation of other motoneurons in the limb (references in Jankowska et al. 1981a; 1981b; 1981c) . The inhibition of homonymous motoneurons has received the most attention, and the original hypotheses about pathways activated by Golgi tendon organs concerned protective reflexes to prevent damage to the activated muscles (references in Cleland & Rymer 634BEHAVIORAL AND BRAIN SCIENCES (1992) 15:4
McCrea: Spinal interneuron circuits 1990). The finding that Ib afferents are exquisitely sensitive and active at even small force levels prompted a reconsideration of their function. Houk (1979) summarizes arguments for the idea that spinal pathways involving Ib interneurons act to oppose motoneuron excitation produced by activity in the Ia reflex arc (but also see Rymer 1984) . Further investigation has revealed that interneurons with IB input are also activated by several descending and other segmental systems (Harrison & Jankowska 1985a; Lundberg et al. 1977) including Ia muscle spindle afferents (Jankowska et al. 1981a; . This convergence of input from Ia and Ib receptors to common interneurons greatly weakens the suggestion of simple opposing actions of Ia and Ib afferents.
A more recent hypothesis concerning Ib pathways (Lundberg & Malmgren 1988; Malmgren 1988) suggests that Ia input to Ib inhibitory interneurons confers a dynamic sensitivity to the Ib system. The background excitability of the interneurons is influenced by increases in Ia input resulting from muscle stretch or gamma drive to the spindles. In this scheme, Ib interneurons are central elements for regulating muscle force and this regulation results from interaction between Ia excitation and Ib inhibition of synergistic motoneurons. Adding a dynamic sensitivity to Ib interneurons would allow precise force regulation throughout a wide range of movements. According to this hypothesis, the Ia excitation of the Ib interneuron population is weak and unlikely to activate all Ib interneurons. This is consistent with the finding that, although some Ib interneurons are readily recruited by Ia input, only about 40% of Ib interneurons have Ia excitation (Jankowska et al. 1981a) . Although this hypothesis can account for the role of Ib inhibition of synergists in man and cat (Malmgren 1988) , a hypothesis that explains the wide distribution of Ib inhibition and excitation throughout the limb has yet to emerge.
Since individual interneurons are likely to be involved in several aspects of motor control, any interneuron classification that suggests a single function is probably misleading. Terminology for spinal interneurons that does not relate to synaptic input or single functions may be preferable. For example, the name of the Renshaw cell (Eccles et al. 1954) gives tribute and honour to the investigator who predicted its existence in the inhibitory pathway from motor-axon collaterals to other motoneurons. Although succinct taxonomy may be difficult, reasonable interneuronal descriptions are possible. For example, IaIns can be distinguished from other cells with Ia input by their location and the presence of inhibition evoked from stimulation of the motor axon collateral system (references in Baldissera et al. 1981) . For the Ib interneuron with its multiple inputs, Ib afferent input is the only input common to all Ib interneurons. One remaining problem, however, concerns differences in the pattern of input between cells originally thought to comprise a homogenous group. For example, only a portion of the interneurons with Ib input receives excitation from Ia muscle spindle afferents. Although it is uncertain whether this observation justifies a reclassification of these interneurons into distinct groups, it is clear that interneuron pools are fractionated according to both the input that individual cells receive and the target cells to which they project. The extent to which interneuron pools are functionally fractionated is an area of active investigation (e.g., Harrison & Jankowska 1985a; 1985b) . Obviously, complete knowledge about the input to individual interneurons is an essential step toward the understanding of spinal motor systems.
Spinal interneurons are subject to a variety of central and segmental influences that work in concert to shape movements. Therefore, a study of the activity of individual afferents during movement will, by itself, offer only limited insight into the resultant reflex action. The divergence of axon collaterals of single afferents to several types of neurons (e.g., group I muscle afferents; Hongo et al. 1987 ) and the modulation of transmitter release at synapses by afferents (e.g., presynaptic inhibition, see next section) are both essential considerations. Similarly, a simple catalogue of connections to interneurons in anesthetized animals does not predict the effect of activation of a particular afferent or descending system on motor output. The existence of multiple pathways from sensory afferents to motoneurons increases the difficulty of understanding reflex function when studied in isolation in anesthetized preparations. In this regard, the use of a reduced but active preparation such as fictive locomotion has many advantages.
Inhibition and excitation of Interneurons
Activation of Ia muscle spindle afferents evokes disynaptic inhibition of antagonist motoneurons through IaIns (reciprocal inhibition). The magnitude of this inhibition, however, can be adjusted by activation of other spinal circuitry. One source of inhibition of the IaIn is inhibition from interneurons involved in other segmental reflexes. Renshaw cells, for example, inhibit IaIns as well as motoneurons (references in Baldissera et al. 1981) . Since the IaIn mediates disynaptic inhibition from group Ia afferents to antagonist motoneurons, reduced activity of IaIns can result in increased excitability of the antagonist motoneuron pool through disinhibition. Activation of Renshaw cells thus inhibits one set of motoneurons while exciting others. Convergence to IaIns from descending and segmental systems includes cutaneous afferents and those classified as flexion reflex afferents (FRA), the cortico-, rubro-and vestibulospinal tracts and propriospinal systems (references in Baldissera et al. 1981; Jankowska 1992) . Systems that control IaIn excitability will act to regulate motoneuron inhibition evoked from both peripheral and descending sites.
It is common for interneurons to have collateral actions that inhibit other interneurons in reflex pathways to the same or other motoneurons (e.g., the inhibition of IaIns by Renshaw cells). One such interneuronal organization is mutual inhibition between interneurons with similar functions. Mutual inhibition has been shown for IaIns (references in Baldissera et al. 1981) , interneurons mediating inhibition of motoneurons from Golgi tendon organ afferents (Brink et al. 1983) , and interneurons in pathways from the FRA (Jankowska et al. 1967a) . One consequence of inhibition of interneurons by other interneurons is a reduction in the number of parallel pathways available to descending and segmental afferent commands. Inhibition of interneurons removes them from further participation in that movement. As discussed below in the sections on the FRA and muscle synergies, inhibitory mechanisms between interneurons also may produce a selection of one among several parallel interneuronal pathways.
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If an interneuron is already active (i.e., firing action potentials) then additional excitatory convergence may produce little or no added effect. Similarly, sorting out the extensive convergence to interneurons is easier if some segmental afferents or descending systems are not active during that movement. These points sound trivial, but knowledge of how "operational connectivity" to individual interneurons changes throughout the movement is essential to an understanding of spinal motor systems. For interneurons to function as a stable and reliable control system there must be powerful mechanisms for selecting those interneurons required for the movement. Unlike motoneurons, single inputs to interneurons can have very powerful effects and may completely dominate neuronal excitability. For example, EPSPs (excitatory postsynaptic potentials) produced by single group Il afferents are very large in interneurons located both in rostral ) and caudal (Lundberg et al. 1987a ) lumbar segments. For rostrally located interneurons with both Ia and group II input, unitary group II EPSPs are much larger than those produced by Ia afferents . Individual afferents may even recruit interneurons and thus allow for interneuron activation during movements with minimal afferent feedback. Inhibition of interneurons can also be very effective; for example, Renshaw cell inhibition of IaIns can prevent activation of IaIns by Ia afferents (Hultborn et al. 1971a ). Thus, strong inputs to interneurons may momentarily dominate the excitability of the cell.
Presynaptic Inhibition (PSI)
Activity in many sensory afferents results in decreased monosynaptic postsynaptic actions (presynaptic inhibition; PSI) of either the same or other afferents. While primary afferent depolarization and the subsequent reduction in transmitter release is the best understood mechanism of PSI (reviewed by Davidoff & Hackman 1984; Rudomin 1990a; 1990b) , awareness of the postsynaptic modulation of transmitter actions is increasing (e.g., Marshall & Xiong 1991) . Whatever the mechanism, a substantial portion of the phenomenon of PSI is due to the actions of spinal interneurons. For the monosynaptic reflex, presynaptic inhibition of the primary afferents and changes in the reflex activation of motoneurons are well studied phenomena. For example, the amount of PSI of group Ia afferents may change as movement commences. In man, PSI of Ia afferents of muscles not involved in a particular movement is increased as the movement begins (Hultborn et al. 1987) . Furthermore, at rest there is a tonic level of PSI of group Ia afferents (Hultborn et al. 1987) . The level of PSI of Ia afferents changes under different reflex conditions and throughout the locomotor step cycle (e.g., Dietz et al. 1990 ). Consequently, the gain of the monosynaptic reflex arc can be increased by a reduction in tonic PSI or it can be decreased by increased PSI. Thus, the motor consequences of activity in even the simplest reflex system, Ia afferents and the monosynaptic reflex, can only be understood by knowing about the activity of interneurons in PSI pathways. While the modulation of the gain of the monosynaptic reflex is well accepted, this modulation is often not incorporated into models of other reflex circuitry.
As well as changing the gain of segmental reflexes, selective PSI of a portion of the afferents impinging on interneurons could switch the activation of interneurons from one type of afferent to another. In this way, the particular interneurons recruited by sensory afferents could be controlled and selected without changes in the activity of sensory afferents during movement. Presynaptic inhibition would alter the activity both of interneurons contacted by sensory afferents and of those with which they are in contact. The interneurons which produce PSI are themselves subject to the extensive segmental and descending convergence typical of other spinal interneurons (see Rudomin 1990a) . Therefore, during behaviour, there will be a continuous regulation of interneurons producing PSI and of their ability to influence synaptic transmission from segmental afferents onto other neurons.
PSI does not exert its normal regulatory influence in the anesthetized or otherwise reduced preparation in which the convergence to interneurons has usually been examined. Thus the relative strength of individual synaptic inputs to interneurons (i.e., the size of the postsynaptic potentials) has often been assessed in an unphysiological situation. During movement in the intact animal, PSI could change the relative effectiveness of peripheral input to interneurons in reflex pathways, perhaps even to the extent of functionally eliminating certain inputs during certain portions of a movement. During fictive locomotion with no rhythmic afferent feedback, there are phasic modulations of the excitability of muscle afferents (Duenas & Rudomin 1988 ) and depolarizations of cutaneous (Gossard et al. 1989 ) and muscle afferents (Gossard et al. 1991) . This is evidence for a modulation of postsynaptic effects of these afferents by the actions of intrinsic spinal cord circuitry on interneurons responsible for PSI. Furthermore, the modulation of interneurons in PSI pathways during locomotion may be different from those producing PSI evoked from peripheral stimulation (Dietz et al. 1990; Gossard et al. 1990 ). This suggests that PSI pathways might be controlled differentially in different movements (Dietz et al. 1990; Gossard et al. 1990) .
With changes in the afferent activation of interneurons in reflex pathways comes the possibility of switching between parallel reflex pathways. For example, imagine interneurons (Figure 1 , neuron A) with a relatively weak input from both type X and Y afferents that inhibit both motoneurons and other interneurons (Figure 1 , interneuron B) with input from Y afferents. Increased PSI of type X afferents would reduce activity of the interneurons with both inputs (e.g., neuron A) and release the target interneurons (Figure 1 , neuron B) and motoneurons from inhibition. Activity in Y afferents would now result in a net excitation of motoneurons. In this way one of the parallel pathways available to the Y afferents would have been selected. The utility of inhibition of both motoneurons and other interneurons by interneuron A becomes clear. As mentioned above, there are several examples of interneuron pathways that when activated result in collateral inhibition of other interneurons. Rudomin (1990a; 1990b) describes bow selective PSI of Figure 1 . Presynaptic inhibition may allow switching between spinal reflex pathways. Depolarization of an afferent terminal (presynaptic inhibition) is indicated by the filled triangle ending on afferent X Motoneurons are indicated by a square, interneurons by large circles, inhibitory synaptic effects by small filled circles, and excitatory effects by short lines. different types of afferents by descending systems would bias reflexes to be more responsive to a particular type of perturbation. For example, interneurons with input from both Ia and Ib afferents could be "prepared" to be more responsive to input from tendon organs during parts of a movement. An appreciation of the organization and activity of PSI pathways is, therefore, essential to an appreciation of the effectiveness of particular afferents in activating interneurons in motor pathways.
The role of PSI in movement is more complex than a simple regulation of afferent feedback to the spinal cord. Selection of specific interneurons from among multiple parallel pathways may be an important role of PSI. Recent evidence (discussed below) indicates that descending systems produce selective presynaptic inhibition of specific types of sensory afferents ending on spinal interneurons.. This could be accomplished either directly by actions of descending systems on afferent terminals, or indirectly by activation of spinal interneurons that in turn produce PSI of subsets of afferents.
Rostrally located Interneurons with group II Input
There are groups of interneurons located in rostral lumbar segments with monosynaptic input from both group I and group II muscle spindle afferents with axons that project caudally . To date, those located in the L4 segment have received the most attention. These interneurons have monosynaptic actions on motoneurons and serve as disynaptic pathways from group II and group I muscle spindle afferents to motoneurons. Both excitatory and inhibitory interneurons have been identified (Cavallari et al. 1987) . The effectiveness of group II afferents in monosynaptically activating IA interneurons can be reduced by iontophoretically applying monoamines (Bras et al. 1989b ) and by electrically stimulating brainstem areas containing monoaminergic neurons (Noga. et al. 1992 ).
These interventions have little effect on group I afferent activation of interneurons in the same area. It is not yet known if these actions are due to the direct effects of monoamines on presynaptic terminals. The resulting reduction of afferent input by descending systems could, however, alter the dominance of the static group II stretch receptors in monosynaptically activating these cells. The inference is that during certain movements, brainstem structures can help to select which type of segmental input will influence segmental reflexes.
These studies of group II interneurons are a good example of how rapidly research on spinal interneurons can progress. Since their first description in 1987 ), a detailed picture has emerged of the anatomy of these interneurons (Bras et al. 1989a) , their effects upon motoneurons (Cavallari et al. 1987) , segmental and descending input, and control by monoamine systems (Bras et al. 1989b; Noga et al. 1992) . We now know that brainstem areas important for the initiation of locomotion also activate some of these ILA interneurons (Edgley et al. 1988) . During fictive locomotion, some of these interneurons are active during flexion while others are inhibited throughout the step cycle (Shefchyk et al. 1990 ). They also must receive input from the intrinsic locomotion circuits because there is no rhythmic afferent input during fictive locomotion.
Further investigation of the activation of these rostral group II interneurons by afferents throughout the step cycle may offer insights into the extent and manner in which descending and segmental systems modulate motor systems as movements commence and continue. Further investigation of the synaptic pharmacology of these interneurons will allow the testing of specific hypotheses concerning their role in locomotion, other movements, and movement disorders (e.g., spasticity) by providing ways to manipulate their activation and effectiveness, Central to the success of these studies has been a series of testable hypotheses that were developed using standard neurophysiological approaches.
Another system that has been approached with a series of testable hypotheses is the "FRA" system developed by Anders Lundberg and his colleagues. This system has provided substantial insight into motor organization, but because of its complexity it may have also produced some confusion about the organization of spinal interneurons.
The FRA system
The flexion reflex involves widespread ipsilateral activation of flexor motoneurons and inhibition of extensor motoneurons. The term "flexion reflex afferents" (FRA) was given to those afferents that may evoke the flexion reflex and this classification includes higher threshold muscle, cutaneous, and joint afferents (Eccles & Lundberg 1959) . As a general organizational principle, the FRA concept (e.g., Lundberg 1979a) implies that (1) ipsilateral activation of flexors and concomitant inhibition of extensors should occur with a variety of segmental inputs, (2) there are interneurons with this convergent polymodal input, and (3) there are inhibitory interactions between groups of interneurons interposed in pathways from the FRA, so that (4) under certain conditions the reflex output may change and even reverse to produce ipsilateral inhibition of flexors and excitation of extensors.
Reflex reversals during particular behaviours are example of the gating of entire reflexes via interconnections McCrea: Spinal interneuron circuits between descending pathways and interneurons interposed in segmental reflex pathways. For example, stimulation of the skin can produce either reflex inhibition of excitation of the same motoneurons depending upon the phase of the step cycle (e.g., Rossignol & Gauthier 1980) .Reflex reversals during locomotion are consistent with the concept that there exists more than one interneuronal pathway from afferents to motoneurons. The original observations upon which the FRA concept was built revealed that variations in the preparation could dramatically alter reflexes evoked by a given stimulus. Thus, in deteriorating preparations, reflexes evoked by stimulation of the FRA changed from a widespread activation of ipsilateral flexors to an activation of extensors (Eccles & Lundberg 1959) . Subsequent studies showed how reflexes evoked from the FRA changed following various lesions of the neuraxis (Holmqvist & Lundberg 1961) .
The demonstration of alternative reflex pathways from the FRA was a crucial step in recognizing how spinal circuits function. Parallel reflex pathways involving interneurons are available to segmental afferents; which pathway dominates depends upon the relative excitability of the interposed interneurons. The interactions among several spinal reflex pathways allow the occurrence of reflex modulations, reversals, and other specific reflex actions restricted to certain motoneurons, The particular reflex evoked by sensory input to the spinal cord depends not only on the characteristics of the sensory input but also on the state of spinal interneuronal circuitry. The selection of these spinal pathways by the brain allows segmental afferent information and spinal interneurons to coordinate voluntary movements. Thus, the movements elicited by descending commands depend on the excitability of spinal reflex pathways.
The FRA system consists of interneurons in a polysynaptic pathway that project to motoneurons. Interneurons in these pathways receive multimodal afferent input. While FRA systems have actions on most of the motoneurons in the spinal cord, the projection of individual interneurons in FRA pathways to motoneurons may be much more limited. Limited projection of individual interneurons may enable interneurons in FRA reflex pathways to control fine movements. Little is known about the projections of individual interneurons in FRA pathways to either motoneurons or other spinal interneurons. The polysynaptic nature of these pathways offers multiple opportunities for convergence of afferents, descending commands and other segmental interneurons. Multiple control sites in the FRA system allow for flexibility; the gain and sign of the reflex in motoneurons can be fine-tuned throughout the execution of movements. Whereas Sherrington (1910) mainly described the flexion reflex as a mechanism for withdrawing a limb from noxious stimuli, Lundberg's FRA concept is that these systems are used in normal movements (Lundberg et al. 1987b) . At least some afferents in the FRA system will be activated during most movements (e.g., group II muscle spindle afferents, some cutaneous afferents). The extensive convergence of afferent and descending systems to interneurons in FRA pathways almost insures their continuous involvement in all movements (see Gandevia & Burke, this issue).
The FRA framework, with its alternative pathways, has also provided useful hypotheses about the nature and organization of interneurons comprising the spinal stepping generator (Jankowska et al. 1967a; Lundberg 1979a) . Intravenous administration of DOPA dramatically alters reflexes evoked by stimulation of the FRA. Short latency (2-3 msec) synaptic potentials in motoneurons are inhibited and replaced by longer latency (30-50 msec) synaptic potentials (Anden et al. 1967; Jankowska et al. 1967b) . Rhythmic alternating discharges in flexor and extensor nerves often appear after DOPA administration in these spinal preparations. This suggested to Lundberg and colleagues that DOPA had activated a spinal interneuronal network producing locomotion. These observations resulted in the discovery of reciprocally organized interneurons in reflex pathways capable of producing alternating flexion and extension during locomotion (Jankowska et al. 1967a) . These experiments shed considerable light on Graham Brown's hypothesis (1914) that spinal interneurons are organized in "half-centres." The organization of spinal FRA reflex circuitry remains a central framework for current studies of locomotion (e.g., Shefchyk & Jordan 1985; Jordan, McCrea, Noga & Shefchyk, experiments in progress) .
Some interneurons interposed in the FRA system have already been located (e. g., Engberg et al. 1968; Lundberg et al. 1987a ), reflex output originating in FRA pathways continues to be mapped, and studies on the pharmacological and behavioral control of the interneurons are under way. For many studies of the spinal cord, the FRA concept continues to yield important observations and hypotheses. Observations on reflexes evoked from the FRA and changes following DOPA administration, for example, may also apply to chronic spinal man. Spinal man displays both short and long latency reflexes after high-strength cutaneous stimulation; crossed extension may be present; and volleys in the FRA produce PSI of group Ia afferent transmission (Roby-Brami & Bussel 1990). Despite the obvious successes of the FRA hypothesis in predicting the existence of certain interneurons and describing organizational principles of movement control, some confusion remains. Before further expanding on the contributions of the FRA concept to interneuronal studies, we will address the reasons for this confusion.
Problems with the FRA concept
The term FRA has historical origins and is itself problematic. Although strictly speaking FRA denotes the afferents that may evoke the flexion reflex, current usage addresses the entire organization of interneurons producing these widespread spinal reflexes. As will be discussed, the FRA system is used for a wide variety of movements, not just flexion reflexes. It has jokingly been suggested that a semantic solution for the "flexion" aspect of FRA terminology can be achieved by simply moving up one letter of the alphabet to the GRA or General Reflex Afferent system (name offered by E. Kandel; see Lundberg et al. 1987b ). The advantage of the term GRA is that it properly removes the emphasis from the "flexion" aspect of movement produced by these systems and places it on general mechanisms for the modification and control of all movements. The disadvantage of the term GRA is that it severs the connection to an 80-year-old history of spinal cord research.
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Other concerns about the FRA system and other studies on interneuronal connectivity involve generalizations about reflex actions to "flexors" and "extensors. " For many physiologists the classification of muscles as flexors or extensors remains an operational, not an anatomical, definition. Flexors were originally defined as those muscles excited during the flexion reflex (Sherrington 1910) . The generalization about output during the flexion reflex (e.g., all ankle and hip extensors are similarly inhibited) stressed the widespread nature of these reflexes. During locomotion, some motoneurons, particularly those innervating muscles spanning more than one joint, are active during both extension and flexion (e.g., Perret & Cabelguen 1976; . Even though such motoneurons cannot be classified simply as flexor or extensor motoneurons, there is no conflict between their activity in locomotion and FRA concepts.
The flexion reflex is but one of the movements evoked by activation of these pathways. The FRA concept suggests an organization of populations of interneurons. Fractionation of these populations into subpopulations projecting to small groups of motoneurons allows for their activation or inhibition. Individual motoneurons receive connections from multiple populations of spinal interneurons in parallel reflex pathways.
Many observations on the FRA have been made using electrical stimulation of afferents. This technique lumps together several classes of receptors and does not permit an appreciation of the reflex subtleties produced by individual afferent systems. Clearly there is the need to consider selective activation of afferents and to assess the extent of common and specialized synaptic actions predicted within the FRA concept (see Lundberg 1982) . The original grouping of several inputs when discussing FRA systems stressed the similarity of reflex actions produced by stimuli from different receptive fields and modalities. Painful stimuli evoke flexion, but painful stimuli are not necessary for segmental activation of FRA pathways. Group II muscle spindle afferents are activated throughout many movements and the connection of group II afferents to interneurons in FRA systems indicates that spinal FRA pathways are involved in controlling most movements (Lundberg et al. 1987b) . Presumably, nociceptive input contacts spinal circuits involved both in flexion reflexes and perception of pain. There is evidence for pain pathways that are distinct from spinal motor pathways producing flexion (Schouenborg & Sjölund 1983) . Again, withdrawal reflexes are only one aspect of the FRA system.
An important FRA concept is that parallel interneuronal pathways are available to the afferents (e.g., Schomberg & Steffens 1986 ). The existence of parallel pathways might suggest that everything is connected to everything. On the surface, there is apparent disagreement between the generalized reflex actions to many motoneurons evoked by FRA systems and studies which show various degrees of specialization of the reflex pathways (discussed below).
I believe that much of the present misunderstanding of the FRA story centres around two problems. The first is that the FRA organization must explain known movements. The second concerns the classification of reflexes as part of the "normal" FRA, "alternative" FRA, or "private" reflex pathways (discussed in sect. 8). Sherrington (1910) described flexion withdrawal reflexes, whereas Eccles and Lundberg (1959) used intracellular recording to examine postsynaptic potentials in motoneurons during stimulation that can evoke flexion. Other than the title of Lundberg's first paper on the subject ("Synaptic action in motoneurones by afferents which may evoke the flexion reflex, Eccles & Lundberg 1959) , current discussion of the FRA concept rarely addresses withdrawal reflexes. Lundberg's FRA hypothesis was developed to address the organization of spinal interneurons, not to explain a specific behaviour. The organization of the FRA system includes multiple reflex pathways and input from both descending and segmental systems. This organization suggests that these systems function during many types of movements.
The strength of the FRA hypotheses is that they predict an organization of interneurons with testable hypotheses about connectivity. For example, the FRA concept predicts the existence of interneurons excited by several modalities and from large receptive fields. Such cells have been located in the dorsal and intermediate areas of the spinal grey matter (e.g., Engberg et al. 1968) . The presence or absence of wide convergent input to interneurons has also been used as an aid in the classification of interneurons as first order or later order cells in FRA pathways to motoneurons (Engberg et al. 1968; Lundberg et al. 1987a; 1987b) .
Upon stimulation of the afferents in the FRA system, both EPSPs and IPSPs are seen in many interneurons. This indicates the presence of parallel pathways with multiple control sites. Interneurons can be excited or inhibited at multiple sites with several opportunities for shaping movements in subtle ways. A simple understanding of connectivity in FRA pathways does not predict motor output. As will be discussed, it is only through an understanding of how interneurons in FRA pathways are controlled that muscle activation can be predicted during voluntary movements as well as the flexion reflex. Lundberg et al. (1987b) hypothesize how descending commands might fit into the spinal FRA organization and use spinal interneurons to modify and evoke volitional movement. In their discussion about caudally located group II interneurons (Lundberg et al. 1987b) , they organize spinal interneurons into subpopulations, each with limited convergence from segmental afferents (i.e., fractionation of interneuron populations). Activation of segmental afferents by movement would provide feedback which sets the excitability of these interneurons. The wide variety of afferents included in the FRA provides a multisensory feedback signal that increases the excitability of interneurons in FRA pathways throughout movement. This arrangement would allow descending commands to recruit interneurons appropriate for a particular movement based, in part, on the activity in muscle and cutaneous afferents. Variations in the gamma drive to muscle spindles and mechanical perturbations of the limb would alter group II afferent recruitment. The large unitary EPSPs in interneurons evoked by group II afferents would then alter the populations of interneurons that are activated by descending systems. Thus, higher centres evoke movements through activation of subsets of both excitatory and inhibitory spinal interneurons contacting motoneurons.
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McCrea: Spinal interneuron circuits Figure 2 . Schematic representation of the differences between the normal and alternative flexion reflex pathways and private reflex pathways. Three segmental afferent fibre systems are labelled X, Y, and Z. Other symbols as in Figure 1 . A, B, and C are populations of interneurons.
Alternative FRA pathways
A source of confusion about the FRA is the extent to which particular reflex pathways form part of the "normal" FRA pathways, the "alternative" FRA pathways, or "private" reflex pathways. The normal FRA pathways are defined as those that function in the low spinal preparation when widespread peripheral nerve stimulation results in a general excitation of ipsilateral flexors and inhibition of extensors. Postsynaptic potentials in motoneurons produced by stimulation of the very divergent afferent sources comprising the FRA are strikingly similar (e.g., Eccles & Lundberg 1969; see also McCrea 1986) . Higher strength cutaneous stimulation and stimulation of group II and III muscle receptors from several areas of the hindlimb produce postsynaptic poten tial th at ar e qualitatively indistinguishable. The operation of FRA pathways is characterized by the similarity of synaptic actions in many motoneurons; these actions can vary from excitation to inhibition depending on the preparation and excitability of the entire neuraxis.
Operational definitions of the terms alternative FRA, normal (or usual) FRA, and private reflex pathways are illustrated in Figure 2 . The FRA system is characterized by widespread convergence from several afferent systems onto common sets of interneurons, labelled A and B. There is also a widespread divergence of excitation and inhibition from these interneurons to motoneurons (squares in Figure 2 ). During operation of the normal FRA pathways (Figure 2 , middle) activity in any of the segmental afferent systems (X, Y, and Z) results in excitation of flexors and inhibition of extensors via a pathway originating with interneuron B. Note that activity in interneuron B prevents interneuron A from mediating reflexes to motoneurons by a collateral inhibitory pathway. When widespread stimuli result in a general activation of extensors and inhibition of flexors, the alternative FRA pathways are in operation. In other words, alternative FRA pathways are similar to normal ones but opposite in sign. Alternative pathways could be selected by inhibiting interneuron B with descending or segmental systems; interneuron A would be released from inhibition an produce widespread excitation of extensors and inhibition of flexors. The private (or "specialized") reflex pathways are characterized by a more limited convergence of afferents or more limited divergence to smaller numbers of motoneurons. In Figure 2 , interneuron C receives more limited afferent input, and its activity results in excitation and inhibition of fewer motoneurons.
As mentioned, the projection patterns of individual interneurons to motoneurons and other interneurons are poorly understood. The interneurons in Figure 2 should be considered as populations of interneurons, not as individual interneurons. It should be noted that sensory afferents have several reflex pathways available to them (A, B, C) including, but not limited to, those of the FRA (pathways A and B). The existence of several spinal pathways has been shown for group II muscle spindle afferents (e.g., Harrison & Jankowska 1985a; Lundberg et al. 1987a ), low to moderate threshold cutaneous afferents (Schomburg & Steffens 1986 ; see discussion in LaBella & McCrea 1990), and high threshold cutaneous afferents (e.g., Schouenborg & Sjölund 1983) . FRA pathways are characterized by similar synaptic actions in many species of motoneurons evoked from a variety of sensory afferents. In most cases, there also will be several other (i.e., private) reflex pathways available to afferents active during movement.
As shown in Figure 2 , alternative FRA and private reflex pathways are different. The terms "private or specialized reflex" should be reserved for those reflex pathways in which the convergence or divergence is much more limited. Engberg (1964) identified reflexes in foot muscles as an example of private pathways. Stimulation of nerves in the foot produced an excitation of extensor motoneurons supplying foot muscles while concomitantly inhibiting motoneurons supplying other extensor muscles in the hindlimb. Recent work by Hongo et al. (1990) has extended these observations by showing that stimulation of the skin over the toes produces different reflexes in the foot depending upon the toe stimulated. These private reflexes seem functionally appropriate for controlling individual digits and maintaining posture (Hongo et al. 1990 ). Hagbarth (1952) showed that stimulation of the cutaneous area overlying an extensor muscle produced inhibition of other extensor muscles but excitation of the extensor muscle lying under the skin area that was stimulated ("local sign"). This local extensor excitation could also be considered a private reflex mediated by non-FRA circuits.
Other studies also reveal more limited reflex effects evoked by afferents that also produce activity in FRA pathways. For example, stimulation of the sural cutaneous nerve has different effects in the motoneurons supplying the synergist muscles in triceps surae; excitation is dominant in media] gastrocnemius motoneurons and inhibition in lateral gastrocnemius motoneurons (LaBella et al. 1989) . Further evidence for the classification of these sural pathways as private comes from the finding that interneurons in the excitatory pathway to media] gastrocnemius motoneurons receive only limited convergence from other afferents (LaBella & McCrea 1990 ). There are many other examples of reflex actions independent of the McCrea: Spinal interneuron circuits FRA produced by afferents that also may invoke the flexion reflex (e.g., see the diagrams of convergence to interneurons in Baldissera et al. 1981; Harrison & Jankowska 1985a ). These observations do not conflict with the FRA concept. In the low spinal preparation, most extensors are inhibited when strong cutaneous stimulus is applied. Of great interest is the fact that these private pathways may be controlled by descending and segmental pathways different from those which control operation of the FRA. Figure 2 shows different descending or segmental pathways controlling FRA and private reflexes.
The generalized reflex systems (GRA or FRA, see above) work in concert with private pathways to produce coordinated movements. During movement, both systems are subjected to continuous and, perhaps, differential control. A combination of reflexes mediated by both FRA and private reflex pathways could result in the appearance of reflexes in individual motoneurons quite unlike those evoked in flexors or extensors in general. In other words, the motoneurons on the right of Figure 2 that receive private reflexes might simultaneously receive input from interneurons A or B (not illustrated).
An important point about multiple inputs to interneurons is that most spinal interneuron systems receive input from both supraspinal and propriospinal motor systems. This is true for all reflex pathways including those of the FRA. Since monosynaptic actions of supraspinal systems on lumbar motoneurons are exceptional, spinal interneurons form an integral part of descending motor control pathways. Some spinal interneurons are "last order interneurons"; that is, they connect descending systems to motoneurons. Therefore, an axiom of spinal cord physiology is that a study of segmental reflex systems is also a study of descending (including voluntary) motor control. The complex organization of spinal interneuronal systems, including the FRA system, has the advantage that descending systems can make use of prewired and flexible spinal circuits to evoke movement. An unchanging descending command could evoke differing movements based upon differences in the excitability of spinal interneurons. The excitability of individual interneurons could be controlled either by other descending pathways or segmental afferent pathways. Complex circuitry in the spinal cord allows for a distributed processing system without the need for multiple descending pathways. Fewer descending pathways could control the actions of entire reflex pathways by appropriate connection to key interneurons.
If these ideas about motor system organization were generally true, there would be little need for a discrete cortical organization to control individual hindlimb muscles (Schieber 1990) . Even individual corticospinal neurons have actions on several different muscles (Shinoda et al. 1981; 1986 ). This supports a role for spinal interneuronal pathways in determining the precise activation of muscles during voluntary movement (this point is discussed in sect. 9). Fine voluntary movements can be produced by the focused action of descending systems on subsets of spinal interneurons.
Sherrington and his contemporaries stressed the idea that the particular reflex response evoked by a stimulus was not invariant, but depended upon several factors. The reflex response resulted from a complex summation of segmental and descending inputs to spinal interneuronal networks connected both in series and parallel. The FRA concept was developed to address certain aspects of this complexity and it remains a viable basis for generating testable hypotheses about spinal interneurons. Interneurons responsible for the long latency effects from the FRA in L-DOPA preparations have been partially identified; the involvement of FRA pathways in spinal stepping is clear, and sense is being made of how descending and segmental information interact in these pathways during voluntary movements.
How can a study of spinal Interneurons help In understanding general principles of movement control?
Consider the idea of "muscle synergies" as an example of the way in which knowledge of spinal interneuronal circuitry could contribute to an understanding of higher order movement control. According to this idea, originally discussed by Bernstein (1967) and recently developed by Macpherson (1988) , descending motor commands are sent to groups of muscles that are then coactivated. This grouping of muscles by the command signals would reduce the variety of ways in which muscles can be activated and thus reduce the variety of motor control signals needed to produce movement. In Macpherson's (1988) experiments, the cat activated limb muscles to stabilize balance on a platform that had been moved in the horizontal plane. One outcome of these experiments was the realization that there was more than one "muscle synergy. " In other words, different combinations of muscles could be activated to restore balance. A modified synergy concept was proposed (Macpherson 1988, p. 227) : "It is suggested that muscles were recruited in synergy on the basis of their particular action at the joint(s) they spanned and that the specific combination of muscles used to achieve the desired force vector against the ground was dependent on limb position at the end of translation." Figure 3 is a hypothetical diagram of how the position of a limb might determine the muscle synergy used to restore balance through spinal interneuronal pathways. In Figure 3A and B, three muscle groups are shown along with a common command signal from some portion of the brain. Note that this command signal ends on the interneurons, not directly on motoneurons. In Figure 3A , activity in interneuron B results in an inhibition of interneuron C through interneuron D. Thus the descending command will normally result in excitation of motoneurons I and II but not III since interneuron C is inhibited. Although there might be a brief excitation of motoneuron III by the descending system, the summation of trains of synaptic potentials from the descending system and interneuron D would result in no activity in interneuron C and thus little activation of motoneuron II1. In Figure 3B , if there is activity in segmental afferents produced by changes in limb position, interneuron B becomes inhibited via interneuron E. In this case, the muscle synergy produced by a common descending signal changes to an activation of motoneurons I and III instead of I and II. Although this diagram is hypothetical, the general principles of descending connections on interneurons and inhibition of spinal interneurons by other BEHAVIORAL AND BRAIN SCIENCES (1992) 15:4 641
McCrea: Spinal interneuron circuits Figure 3 . The "motor synergy" resulting from activity in a descending motor command signal can be modified by segmental reflex pathways. Interneurons are the large lettered circles and motoneurons are the squares numbered by Roman numerals. Excitation is indicated by short lines and inhibition by small filled circles. The large X across the axon of a motoneuron represents no activation of that motoneuron by the descending command. The structures in the bottom left of panels A and B represent three muscles in a limb. segmental interneurons occur in every interneuronal system examined to date. Figure 3 also serves as an example of how one might develop a testable set of hypotheses about spinal interneuron connectivity. For example, some properties of interneuron C would include: (1) Monosynaptic EPSPs and trisynaptic IPSPs from stimulation of the descending command area, (2) monosynaptic excitatory actions of these interneurons on motoneuron III, and (3) a lack of excitation of these interneurons by the segmental afferents that change the muscle synergy. Further experiments in behaving animals could also be designed to see what other afferents can inhibit interneuron B and hence change the muscle synergies. Given such specific questions and probable connectivity, these cells probably could be identified in short order and a clearer understanding of the descending "command signals" would evolve. As mentioned above, the convergence of descending and segmental input onto common spinal interneurons demands a consideration of spinal reflex circuitry before higher-order motor control mechanisms can be fully understood. Although the example in Figure 3 concerned postural adjustment, there is every reason to believe that similar considerations should be used when discussing voluntary movement control.
What studies are needed after Interneurons are Identified?
The identification of the interneuron is usually the initial goal of interneuron studies. This includes identifying the synaptic input to the cell, the axonal projections from the cell, and the synaptic effect on the target cell. Following identification, several other aspects must he investigated before sense can be made of the role of particular interneurons in spinal motor control. The activity of identified interneurons during movements is, of course, at the top of the list of priorities. For polysynaptic descending and reflex pathways, knowledge of the activity of all of the interposed cells allows inferences about the possibilities for control of transmission through these pathways. Identifying the neurotransmitters released during motor control and affecting the interneurons under study is also of paramount importance. Neuromodulation by interactions between transmitter systems as well as presynaptic inhibition of primary afferents or the terminals of descending systems and spinal interneurons must be considered. Membrane properties that determine cell firing must be understood as well.
Membrane currents that produce sustained repetitive firing of motoneurons have been investigated recently. These "bistable firing" properties or "plateau potentials" allow for continued activation of motoneurons without continued synaptic input (Crone et al. 1988; Hounsgaard et al. 1986 ). In spinal preparations, serotonin by itself has weak actions on motoneurons. When serotonin administration is paired with a peripheral or central stimulus that produces excitation of the motoneuron, sustained depolarization and repetitive firing can result. In intact preparations, descending systems can probably activate similar mechanisms. The implications of these studies for motoneuron activation during locomotion and other movements are profound: Repetitive firing of interneurons is not necessary for continued motoneuron activity. A demonstration of similar mechanisms for maintained firing in interneurons would require a reevaluation of concepts about interneuron input and output. In terms of synaptic connectivity, further excitatory synaptic input to interneurons made tonically active by bistable properties might be functionally irrelevant. On the other hand, small amounts of synaptic inhibition could have the powerful effect of terminating repetitive firing of neurons during movement.
A further point to consider is that nervous system function and connectivity is often inferred from correlations between the firing of two neurons. Bistable firing behaviour would severely limit the application of correlation techniques. If a single synaptic input results in continuous firing, there would be a low correlation between firing of the presynaptic and postsynaptic cell even though the connectivity initially produced the firing. A strong and short-latency correlation peak could also be masked by multiple firing and variable firing rates occurring after the initial input.
Because of multiple inputs to particular interneurons and multiple sets of interneurons activated by particular primary afferents, records of the activity of primary afferents during movement are not very useful by themselves. Even with a detailed description of the activity of hindlimb afferents during a movement, the synaptic effects on interneurons and motoneurons cannot be known. Presynaptic inhibition of particular afferents is one factor; the other is that multiple parallel pathways with mutual inhibitory interactions could change the reflex effect from inhibition to excitation. It is crucial to estimate the dominating and effective input(s) to particular cells during movement. Although records of single fibre activity cannot be relied upon for this purpose, they help to define the possible modes of movement regulation by segmental reflex pathways. Once the activity of afferents is known during a movement, the synaptic effectiveness McCrea. Spinal interneuron circuits of their input to interneurons must be tested. These experiments might involve altering activation of the afferents by direct stimulation or perturbing movements.
Summary
Spinal interneurons are an elaborate system of motor control. The simplistic idea that the spinal cord functions as a relay system for descending and segmental afferent commands has been replaced by a dynamic system in which the interaction between spinal interneurons regulates and produces purposeful movements. Voluntary movements depend upon the selection of subsets of spinal interneurons whose excitability is regulated in part by afferent feedback throughout the movement. Standard neurophysiological approaches continue to produce insight into these systems, and the electrophysiological identification of spinal interneurons is becoming more routine. Specific hypotheses concerning spinal interneuron function and interactions during movements can now be proposed; many of these are testable with current technology. The application of information on cat spinal cord interneuron circuitry to the human laboratory is a significant and exciting development. Although many others have contributed to this field, the collaboration between the human lab of E. Pierrot-Deseilligny in Paris and the animal lab of H. Hultborn in Copenhagen has yielded deep insight into the organization of human spinal pathways.
The most significant limitation to progress is not the complexity of spinal interneurons but the few laboratories engaged in these studies. The resurgence of interest in spinal neuropharmacology, the development of specific immunological techniques, the revolution in imaging, and the interest in spinal regeneration will all contribute to rapid progress in this field. The recognition that spinal motor systems can serve as useful models for the general organization of neural systems will bring together those in other areas of neurobiology. As the field of neural networks and modeling matures, interest in spinal motor systems will increase. Spinal motor systems have a well defined input, the interneuronal elements are becoming better characterized, and unlike sensory systems, they have an easily measurable output in the motoneurons and muscles during behaviour.
There is considerable optimism about arriving at an understanding of spinal motor systems. This optimism is justified by advances in the conceptual framework in which spinal interneurons are now viewed. Not long ago another view was presented: "Those whose experiments have forced us to confront the "embarrassment of riches" in the workings of the spinal cord must ask whether it is useful to continue to collect more inexplicable data" (Loeb 1987, p. 111) . One hopes that the present target article will remove some of the mystery concerning this data and illustrate that sense is being made of spinal interneuron circuits.
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